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A B S T R A C T
Recently acquired multibeam echosounder data from the shallowest part (26–53m depth) of Spitsbergenbanken
in the western Barents Sea reveal a variety of bedforms, including megaripples, sandwaves and sandbanks. The
bedforms exhibit varying degrees of superimposition and differ in their age of formation and present deposi-
tional regime, being either active or moribund. These are the first observations of co-occurring current induced
bedforms in the western Barents Sea and provide evidence of a high energy environment in the study area. The
bedforms indicate both sediment erosion and transport and confirm that there is enough sand available in this
area to maintain them. Such conditions are not known to be common in the western Barents Sea and reflect the
unique oceanographic and benthic environment of Spitsbergenbanken.
1. Introduction
Spitsbergenbanken is a large bank in the Barents Sea, between the
island of Bjørnøya and Svalbard. About 40% of the bank is< 100m
deep. Available data indicate that the seabed of the bank is dominated
by sandy and gravelly sediments (Lepland et al., 2014). MAREANO
(www.mareano.no) is a Norwegian seabed mapping programme started
in 2006 to ameliorate the knowledge of the Norwegian sea bottom. In
the framework of this programme, high resolution multibeam echo-
sounder data were acquired from the shallowest part of the bank
(Fig. 1). These new data allowed identifying a large variety of bedforms
varying from sand ripples to megaripples and sandwaves to sandbanks
(Figs. 1 and 2). An oceanographic model supplied information on the
physical environment between 74° and 84° N, including Spitsbergen-
banken.
Sandwaves and sandbanks have been extensively studied, especially
in the North Sea (e.g. Bellec et al., 2010; Collins et al., 1995; Trentesaux
et al., 1999), because they may represent a hazard to navigation and
offshore constructions. They feature sand transported and deposited by
bottom currents, but their orientation relative to the bottom current
flow direction varies. Sandwaves with ripples and megaripples are
transverse bedforms, with their crest generally oriented perpendicular
to the flow, while sandbanks are longitudinal bedforms with their long
axis generally parallel or oblique (up to 20°) to the regional peak flow
direction (Belderson et al., 1982).
On the Norwegian margin, sandwaves have been described from
glacial troughs (Bøe et al., 2009; Elvenes et al., 2016) and along the
continental slope (Bøe et al., 2015; King et al., 2014). Sandwaves have
also been observed in shallow areas of the Svalbard continental shelf
(Ottesen and Dowdeswell, 2009) but so far, sandwaves and sandbanks
have not been described on the shallow banks in the western Barents
Sea. Megaripples on continental shelves, with the exception of the
coastal zone, have been very little studied and no previous papers show
a similar variety of megaripples as described in our study area.
2. Geological, bathymetric and oceanographic setting
The Barents Sea was entirely covered by ice during the maximum of
the last glaciation at about 24 cal. ka BP. Deglaciation commenced
around 18 cal. ka BP leaving Spitsbergenbanken free of grounded ice
about 14 cal. ka BP (Hughes et al., 2016). This was followed by a period
of deposition of current transported sediments from more distal sources,
recorded in e.g. large drifts in Kveithola, a trough located north of
Bjørnøya Island (13.1–10.3 cal. ka BP) (Bjarnadóttir et al., 2013; Rüther
et al., 2012). Younger sand accumulations reported from several loca-
tions in the region have been linked to an increase in bottom current
strength and erosion between 11.2 and 8.8 cal. ka BP (Bjarnadóttir et al.,
2013; Jensen et al., 2002; Lantzsch et al., 2017; Rüther et al., 2012).
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Strong inflow of warm and saline Atlantic Water into the Barents
Sea took place about 9 to 6 cal. ka BP during the Holocene thermal
maximum (e.g. Rasmussen et al., 2014; Risebrobakken et al., 2011).
The flux of Atlantic Water started to decrease during the late Holocene
(4–2 cal. ka BP) together with an atmospheric cooling (Neoglacial
cooling; Ślubowska-Woldengen et al., 2008) also documented around
Kveithola (Zecchin et al., 2016).
Spitsbergenbanken is presently under the influence of the East
Spitsbergen Current that transports a mixture of Arctic Water and Polar
Front Water (Skogseth et al., 2005; Ślubowska-Woldengen et al., 2008).
Oceanographic studies and modelling show that the study area is lo-
cated close to the center of a clockwise current gyre formed by cold
Polar Water (Fig. 1) (Loeng, 1989; Slagstad and McClimans, 2005).
Tidal currents are particularly strong over the shallow bank, with
maximum speed of up to 1m/s, tidal range of 20–40 cm and a phase
angle of about 330° on the top of the bank (Gjevik et al., 1994; Gjevik,
2008). Around Spitsbergenbanken, mean wind stress comes from the
east (Weigel, 2005).
The study area is located in the shallowest part of
Spitsbergenbanken, at depths ranging from −26 to −53m. Ocean
depths in the area have varied since the deglaciation, due to crustal
uplift and eustatic sea level rise. However, the details of these changes
are at present not known. From Bjørnøya island (about 70–80 km from
the study area), observations indicate that eustatic sea level rise since
deglaciation has exceeded crustal uplift in this area (Salvigsen and
Slettemark, 1995).
3. Methods
Ages cited in this paper are reported as given in references, meaning
that calibration methods may differ in some cases. However, this does
not significantly affect the main conclusions presented here.
The study area was mapped in 2016 by MAREANO (www.mareano.
no) using Kongsberg EM2040 Dual Head multibeam echosounder
(200–400 kHz). Bathymetry data were processed by using QPS Qimera
and quality controlled by Kartverket. Kartverket also produced the
terrain models. Backscatter data were processed by NGU using QPS
FMGT software. The data density was sufficient for gridding the
bathymetry at 20 cm, allowing detailed analysis of seabed features. The
exceptional quality and high resolution of the datasets allowed us to
resolve bedforms as small as 4 cm high and 1m long.
On a MAREANO sampling cruise with R/V G.O. Sars in 2017, eleven
video transects of 700m length were acquired in an area of about
450 km2. These video surveys were performed using a towed video
platform (Buhl-Mortensen et al., 2009). A preliminary interpretation of
the seafloor sediments was done during the acquisition of the video
transects.
During the same cruise, about 75 km of high-resolution seismic lines
(Kongsberg TOPAS PS 018 parametric sub-bottom profiler, chirp
modus, secondary beam frequency 0.5–6 kHz) with vertical resolution
better than 1m were acquired on transit between the video transects. In
2018, about 38 km of new seismic lines were acquired by R/V H.U.
Sverdrup II (Kongsberg TOPAS PS 018). TOPAS lines were processed
with the TOPAS software.
Model results from an oceanographic realization of the
Fig. 1. A) Overview map with location of study area (yellow square) and main oceanographic currents (from Loeng, 1989) (IBCAO bathymetry data, Jakobsson et al.,
2012). B) Multibeam bathymetry (5m grid) of the study area with sandwaves in the southwest and sandbanks in the central part. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
Multibeam bathymetry from MAREANO (www.mareano.no).
V.K. Bellec, et al. Marine Geology 416 (2019) 105998
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Fig. 2. Megaripples (top panel, 20 cm grid), sandwaves (middle panel, 5 m grid) and sandbanks (bottom panel, 5 m grid) in the study area. Horizontal scales and
colour scales (brown (shallow) to white (deep)) are different for each panel. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
Multibeam bathymetry from MAREANO (www.mareano.no).
V.K. Bellec, et al. Marine Geology 416 (2019) 105998
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hydrodynamic conditions of the Svalbard area were retrieved from the
archive documented in Hattermann et al. (2016). This Svalbard model
applied 800m×800m horizontal resolution and was able to provide
information on the physical environment with relatively high resolu-
tion. The model was set up using the bathymetry from IBCAO.v3 (In-
ternational Bathymetric Chart of the Arctic Ocean, Jakobsson et al.,
2012) and was run using the numerical ocean model ROMS (Regional
Ocean Modelling System; http://myroms.org) which applies a vertical
topography-following coordinate. The model was forced with tidal
analysis from TPXO7.2 (Egbert and Erofeeva, 2002). The model results
in this study were extracted from the lowermost level, and we applied
maximum current speed along with mean currents.
4. Results
Three main types of bedforms are described in this paper (mega-
ripples, sandwaves and sandbanks; Fig. 2). These bedforms will be
characterized in terms of size, morphology and location.
4.1. Megaripples
Megaripples have wavelengths from about 60 cm to> 30m
(Ashley, 1990; Reineck and Singh, 1980). Smaller current ripples are
not described in this paper due to resolution limitations in the multi-
beam data. Three main types of megaripples occur in our study area:
elongated megaripples, complex megaripples and lingoid/lunate
megaripples (Table 1, Figs. 2 and 3).
The elongated megaripples include three different types showing
various orientations and morphologies (Table 1, Fig. 3). Type 1
megaripples are dominant in the northwestern part of the study area
(Fig. 4) but occur in most of the low-lying areas (e.g. between the
smaller sandwaves). They have long, parallel, regular crests with bi-
furcations (Fig. 3A, B and C) typical of wave megaripples (e.g., Reineck
and Singh, 1980) and N-S crest orientation.
Type 2 elongated megaripples have shorter, sinuous crests without
bifurcations characteristic of current megaripples (e.g., Reineck and
Singh, 1980). These megaripples are the most common and occur in a
large SW-NE corridor across the middle of the study area (Fig. 4) but
also on small highs, including sandwaves. They have NW-SE crest or-
ientations with their steep slopes often facing northeast (Fig. 3D, E and
F). Their orientation and shape can vary, especially around obstacles on
the seafloor (Fig. 3F). They occur in both low and high areas but are
larger in the south, where they also form isolated megaripples.
Type 3 elongated megaripples are smaller, without bifurcations and
with NE-SW crest orientations and are interpreted as current mega-
ripples (e.g., Reineck and Singh, 1980). They appear mostly in the east
and on the sandbanks (described below), and in a few areas in the
northwest (Fig. 4). In the west and the northwest, their crest orientation
changes to more N-S. In the northeastern part of the area they are on
the limit to be resolved in the 20 cm grid, with heights around 4 cm and
wavelength around 1m. They become higher and wider towards the
south (Fig. 3G–H).
Type 4 megaripples are defined as complex megaripples with
polygonal crest patterns (Fig. 3I) or ladder crest patterns (Fig. 3J) ty-
pical of interference megaripples. They mostly occur in high areas but
also on small ridges of 1–2m high (Table 1, Figs. 3I and J, and 5). They
are very common in the NW-SE current megaripple corridor where they
form on top of small elongated ridges. The interference megaripples are
up to 50 cm high, with wavelengths up to 15m, and are commonly
surrounded by NW-SE current megaripples. Wave megaripples fre-
quently occur north of the interference megaripples location (Fig. 6).
The interference megaripples are occasionally overprinted by NW-SE
current megaripples (Fig. 7).
Type 5 is lingoid to lunate megaripples. They occur around large
sandwaves in the southwestern part of the study area (see below;
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Fig. 3. Five different types of megaripples are observed in the 20 cm grid (colour scale in all panels: white is deeper, brown is shallower). North towards the top of all
panels. A–C show N-S trending megaripples (type 1) interpreted as wave ripples. D–H show megaripples (types 2 and 3) likely formed by bottom currents.
Megaripples (type 2) in D–F show NW-SE orientation, with panel E showing wave megaripples in low areas and NW-SE current megaripples in high areas, whereas
megaripples (type 3) in G–H have NNE-SSW orientation. I-J show interference megaripples (type 4 – complex megaripples) formed by wave and bottom currents with
panel I showing polygonal megaripples and panel J showing ladder megaripples. K–L display lunate/lingoid megaripples (type 5) transitional between the other
types. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Multibeam bathymetry from MAREANO (www.mareano.no).
V.K. Bellec, et al. Marine Geology 416 (2019) 105998
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megaripples (Fig. 3K and L). Lingoid to lunate megaripples are often
higher than the elongated megaripples and have longer wavelengths.
They mostly show southward migration, but north facing megaripples
occur.
4.2. Sandwaves
Four large sandwaves (1–4) with NW-SE orientation occur in the
southwestern part of the study area (Fig. 8, Table 2). The three south-
ernmost sandwaves (1–3) are the highest and display long sharp crests
whereas sandwave 4 only displays a sharp crest along 250m. It is no-
ticeable that the crests of sandwaves 3 and 4 show a present migration
direction towards the southwest (Fig. 8D and E) like the lingoid/lunate
megaripples at the feet of the sandwaves (Fig. 8F) although the main
body show a slight asymmetry towards the northeast. Sandwave 2 ap-
pears to be almost trochoidal in shape (Fig. 8C). On seismic profiles
(Fig. 9), sandwaves 3 and 4 exhibit cross stratification showing a clear
migration direction towards the northeast. The greatest water depth in
the south occurs between the sandwaves and in a depression to the
northeast of the sandwave area (Fig. 8A).
Smaller sandwaves surround the large sandwaves. They are even
more common in the north and northwest of the sandwave area (Figs. 4
and 10). Their crests are often smooth, and they may be covered by
NW-SE current megaripples, with wave megaripples in their troughs.
The smaller sandwaves have generally a NW-SE crest orientation and
mostly occur in the southwestern part of the study area. They are
15–220 cm high, with an average of 20–25 cm and wavelengths of a few
tens of metres for the smaller sandwaves (Fig. 10). The highest of these
sandwaves occur southwest and west of the large sandwaves. Smaller
sandwaves mostly face northeast, but reverse direction can also occur
over very short distances.
4.3. Transitional bedforms
Bedforms 5–6 (Fig. 8) occur northeast of the sandwaves. They are
4–5m high and with E-W orientation. They are shorter, lower and have
more rounded crests than the sandwaves 1–4 and their tops are largely
covered by megaripples (Fig. 4). Bedform 5 exhibits cross stratification
showing a clear migration direction towards the northeast, while the
remnant of bedform 6 shows more aggradation than a clear prograda-
tion (Fig. 9). Both bedforms have lower internal reflector angles than
the sandwaves.
Fig. 4. Location of main types of megaripples and small to medium sandwaves in the study area. 1–4: large sandwaves; 5–6: other bedforms described in the text;
A–C: sandbanks.
V.K. Bellec, et al. Marine Geology 416 (2019) 105998
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Fig. 5. A) Interference megaripples (type 4) on top of sand accumulation forming sometimes ridges. Multibeam bathymetry (5m grid) from MAREANO (www.
mareano.no). B–D: Details (1 m grid) of interference ripples in A. E) Seismic profile crossing the sand ridges. Red dotted lines are interpreted at the base of sand
accumulations. See Fig. 1 for location. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 6. Interference megaripples (type 4) surrounded by bottom current megaripples (type 2) in the south and the west and by wave megaripples (type 1) in the north
and the northeast. Grid size: 20 cm. See Fig. 1 for location.
Multibeam bathymetry from MAREANO (www.mareano.no).
V.K. Bellec, et al. Marine Geology 416 (2019) 105998
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4.4. Sandbanks
A SW-NE trending sandbank (A in Fig. 11) in the eastern part of the
study area is up to 13m high,> 15 km long and 300–500m wide. It
becomes narrower towards the northeast, where it has a sharp crest,
while in the west it is flat-topped. Its southwestern tail is split in two
(Aa and Ab in Fig. 11) where Aa links up with bedforms 5 and 6.
Sandbank A comprises two units deposited on older facies interpreted
as post-glacial deposits (Figs. 12–14): an older unit forming the base
and tail of the bank, and a younger unit forming the narrow body in the
east with a sharp crest. These two units are separated by a high am-
plitude reflector. Small sandwaves occur on top of the bank where the
crest is sharp (Fig. 12). Buried sandwaves, covered by the younger unit,
may occur on the top of the older unit, which can be traced as far as
bedform 5 (Fig. 14). A sand accumulation, Ac, is located in an elongated
depression along the north side of the sandbank and above its tail
(Fig. 12), with an orientation of about 10–20° relative to the sandbank.
The sandbank likely does not extend eastwards as it is not observed on
the easternmost seismic line (Fig. 14D).
Parallel to sandbank A, sandbank B (Fig. 11) has a rounded crest, is
4–5m high, 300–500m wide and> 5300m long. Sandbanks A and B
are separated by a depression partly covered by unit Ac. Sandbank A
appears to migrate towards the northwest (Fig. 12). A third sandbank
(C) occurs south of sandbank A. Its western end is observed in the
multibeam data (Fig. 14C), and the sand accumulation likely extends
eastwards as a deposit observed on a seismic line (Fig. 14E). It shows a
smooth crest both on multibeam (Fig. 14C) and on the seismic line
(Fig. 14E).
4.5. Seabed sediments
Backscatter data (Fig. 15) have been used to map the seabed sedi-
ments (Bellec et al., 2018; Fig. 16). Sediments occur in SW-NE-trending
accumulations which can be described as sand patches according to the
classification of Belderson et al., 1982. These accumulations may be
regular and parallel (Fig. 15B) or longer and less regular (e.g. SP1–SP3
in Fig. 15A). SP1 is at least 10 km long, up to 3.5 km wide, and has a
general thickness of 1–1.5m, but can reach 2.5m. SP2 is about 2 km
long, 2.5 km wide, and is a few centimetres to a few decimetres thick.
SP3 is> 16 km long, about 3 km wide, but only a few centimetres to a
few decimetres thick. SP2 and SP3 are difficult to observe in the
bathymetry data.
Backscatter values are high on the southern flanks of the large
sandwaves and low on their northern flanks (Fig. 15B). Small sand-
waves display lower backscatter than the seabed they migrate across. In
the example in Fig. 15C, wave megaripples with high backscatter occur
between small sandwaves with lower backscatter.
Video observations are of variable quality due to poor visibility in
the water column. Strong currents and sand ripples on the bottom were
observed in most of the video lines. The seabed is mostly covered by
gravelly sand and sandy gravel (Fig. 16). Patches of sand/shell sand
occur in some areas, especially on sandbank B and in the Ac area
(Figs. 16, 17A). Sandbank A and the sandwaves are mostly covered by
gravelly sand (2–30% gravel).
The videos show that N-S trending wave megaripples often comprise
sandy gravel (Fig. 17F) while NW-SE and NE-SW current megaripples
comprise gravelly sand or sand (Fig. 17C–E). Interference and lunate/
lingoid megaripples comprise mostly sand, while the latter may also
Fig. 7. Interference (type 4) megaripples partly covered by current (type 2) megaripples. Grid size: 20 cm. See Fig. 1 for location.
Multibeam bathymetry from MAREANO (www.mareano.no).
V.K. Bellec, et al. Marine Geology 416 (2019) 105998
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Fig. 8. Details of large (1–4) and smaller sandwaves in the study area. A) Location of B. Bedforms 5 and 6 show characteristics and orientations different from
sandwaves 1–4. C) Depth profiles of sandwaves 1–4. D–E) Depth profiles of the crests of sandwaves 2 and 3 show small sandwave crests facing south. Location in
panel C. F) Lingoid megaripples facing south in the trough between sandwaves 2 and 3. Location in panel B. Grid size: 5 m. See Fig. 1 for location.
Multibeam bathymetry from MAREANO (www.mareano.no).
V.K. Bellec, et al. Marine Geology 416 (2019) 105998
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consist of gravelly sand. Sandwave surfaces are usually covered by
gravelly sand (Fig. 17E), but areas with sandy gravel or sand occur on
the large sandwaves. Bedrock outcrops (Fig. 17B) occur, especially in
the southeast. Video observations show that ripples, megaripples and
small sandwaves occur on and around sandbank A (Fig. 17C–D), even if
they are not well-defined in our multibeam data. Most of the videos
highlight strong current occurring in the study area, with a high con-
centration of particles moving in the water column.
4.6. Oceanographic data
The Svalbard-800m model shows two clockwise gyres centered
around the two shallowest areas of Spitsbergenbanken (Figs. 18A and
19). One anticlockwise gyre occurs between the two shallow areas,
another further north. Tidal ellipses show current velocities up to 1m/s
on top of Spitsbergenbanken and about 70 cm/s in the study area.
However, tidal-induced residual currents are low, around 2–2.5 cm/s
with a general northeast direction in the study area (Fig. 18B; Gjevik
et al., 1990, 1994). The tidal currents are influenced by the bank
morphology but the model (12.5–25 km grid resolution) does not use
detailed topography (Gjevik et al., 1990, 1994).
According to the Svalbard-800m model, which shows bottom re-
sidual currents, maximum current speeds are 0.09–0.16m/s in the
study area (Fig. 18A). Direction of the currents varies inside the study
area. The northwestern corner of the study area is dominated by cur-
rents from the west-southwest. They turn and come from the north in
the sandwave area. Currents are more or less parallel to the sandbank
crests while in the southeast, currents are from the north.
5. Discussion
5.1. Megaripples
Mapping of the megaripples from the 20 cm grid shows that wave
megaripples dominate the northwestern part of the study area, where
the sediments are coarser and the directions of the bottom currents are
variable, while current megaripples are predominant in the SW-NE
corridor with the sand sheets, where the current direction is more stable
(Figs. 4, 15 and 20). Mean wind stress comes from the east (Weigel,
2005) and likely creates currents moving towards the east. These cur-
rents may be responsible for the formation of the NE-SW current
megaripples.
Interference megaripples formed by a combination of wave energy
and bottom currents mainly occur in the current megaripple corridor
(Fig. 4). They form sand accumulations up to 2m thick, which may be
precursors of larger sand accumulations such as sandbanks. Interference
megaripples highlight the fact that bottom currents and wave energy
together are important processes for the accumulation of sand on the
Table 2
Characteristics of sandwaves and large bedforms.
Bedform Maximum water depth (m) Height (m) Crest length (m) Crest shape and orientation Sandwave width (m) Width/height ratio Comment
1 44 12.5 > 2200 Sharp along 1500m – NW-SE 300 24
2 45.5 19 2100 Sharp along 1700m – NW-SE 500 26 Divided in 3 sandwaves
3 44 14 1400 Sharp along 1000m – NW-SE 400 29
4 43 9.5 1800 Sharp along 250m – NW-SE 400 42
5 40 4 1800 Rounded – E-W 370–700 92 Larger in the east
6 41 5 1500 Rounded – NW-SE 380–480 76
Fig. 9. Seismic profile (location in Fig. 8) across large sandwaves and bedforms (yellow) shows NE migration. Bedform 6 (small panel) shows more aggradation than
progradation. Post-glacial deposits in blue and bedrock in khaki. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
V.K. Bellec, et al. Marine Geology 416 (2019) 105998
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Fig. 10. Smaller sandwaves oriented NW-SE and wave megaripples (type 1). Grid size: 20 cm. See Fig. 1 for location.
Multibeam bathymetry from MAREANO (www.mareano.no).
Fig. 11. Bathymetric map (5m grid) of sandbanks A-
B and bedforms 5–6. Aa and Ab represent the tail of
sandbank A. Ac shows a sand accumulation north of
A. The blue dotted line on A indicates approximately
the boundary between the upper unit and the tail of
A. Black lines are 1m contours. See Fig. 1 for loca-
tion. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web
version of this article.)
Multibeam bathymetry from MAREANO (www.
mareano.no).
V.K. Bellec, et al. Marine Geology 416 (2019) 105998
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top of Spitsbergenbanken. The strength of the bottom currents varies in
time, and current megaripples with NW-SE crest orientation locally
cover the interference megaripples in some places (Fig. 7) indicating
that the system is still not in equilibrium over some of these sand ridges.
Lingoid/lunate megaripples, mostly occurring around the large
sandwaves, form under stronger current conditions than elongated
straight (mostly wave) or sinuous (current) megaripples (e.g. Nichols,
1999), indicating that currents are stronger in the large sandwave area.
This is in accordance with the hydrodynamical Svalbard-800m model,
as well as their migration direction (Figs. 8F and 20).
In summary, the large area covered by current megaripples and
lingoid/lunate megaripples with NW-SE crest orientation show that
strong currents come from the SW or the NE. Wave megaripples with N-
S crest orientation indicate waves from the west or the east. Current
megaripples with SE-NE crest orientation, mostly observed on the east
side of sandbank A, show currents from the SE. Lack of current mega-
ripples may indicate that currents are too strong to form megaripples,
but could also indicate a lack of sand.
5.2. Sandwaves
The fields of smaller sandwaves extend north and east of the large
sandwaves, indicating a decrease in current velocity and/or the avail-
ability of sand in these directions. A decrease in current energy is also
confirmed by the shape of the sandwave 4 crest, which is sharp only
along 250m, while sandwaves 1 to 3 have> 1000m long sharp crests.
Moreover, some of the smaller sandwaves, especially in the north, have
rounded crests indicating that they are presently inactive. Their
Fig. 12. Seismic profile crossing sandbanks A and B. Location in Fig. 11.
Fig. 13. Seismic line along the lowest part of sandbank A. Note that sand accumulation Ac (dark yellow) covers the tail of sandbank A (orange). Location in Fig. 11.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
V.K. Bellec, et al. Marine Geology 416 (2019) 105998
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presence may indicate older stronger oceanographic conditions, when
the currents were strong enough to transport sand far towards the north
and form sandwaves. However, sharp crests of some of the smaller
sandwaves indicate an active, but reduced, sediment transport in this
region.
The sandwaves, megaripples and seabed sediments show sand
transport and current directions both towards the southwest and the
northeast. This opposition also occurs between the tidal model,
showing residual currents towards the northeast around the sandwave
area (Gjevik et al., 1990; Gjevik et al., 1994), and the Svalbard-800m
model showing residual currents from the north. As the large sand-
waves and most of the smaller ones fit with the tidal model, they are
likely of tidal origin. Smaller bedforms (lingoid/lunate megaripples
surrounding the sandwaves) and the highest sandwave crests
(Fig. 8D–F) indicate other currents from the northeast, which is con-
sistent with the Svalbard-800m model (Fig. 18A) but opposite to the
tidal residual current directions. The northeast current could also be
related to ebb and flood tides, as sandwave crests and ripple/mega-
ripple migration direction can be reversed during the tidal cycle
(Johnson et al., 1982). The large sandwaves would then record the
strongest currents in the study area, towards the north whereas smaller
bedforms record currents (tidal currents, oceanographic currents,
waves) in various directions. It is interesting to note that the large
sandwaves 1–4 occur where the Svalbard-800m model shows the
strongest currents (Figs. 4 and 18A).
Large sandwaves 1–4 (Fig. 8) are still active as they display sharp
crests. They are located between two shallow areas (Fig. 19) with
clockwise gyres. Currents passing through narrow pathways usually
increase in strength, which may explain their formation at this location
and their absence further north. The intensification of the bottom
currents has eroded the seafloor along a SW-NE trending corridor,
several metres deep, where the sandwaves occur. Sand eroded from the
corridor may have accumulated both in the sandwaves and the sand-
banks further east/northeast. The decrease in size and crest length of
the large sandwaves northwards confirms a bottom current decrease in
that direction, away from the shallow areas.
5.3. Transitional bedforms
Bedforms 5 and 6 are smaller, smoother (Fig. 8) and have internal
reflections with a much lower angle than sandwaves 1–4 (Fig. 9), in-
dicating a different origin and/or an evolution different from the large
sandwaves 1–4. The bedforms are almost parallel to the flow direction
of the tide (10–20° angle) and show an angle of 30° for bedform 6 and
60° for bedform 5 with the Svalbard-800m model flow direction
(Fig. 18), while crests of sandwave 1–4 are oblique to normal to the
currents. Bedforms 5 and 6 were probably depositional features tran-
sitional between sandbanks, as they occur at the end of tail Aa, and
large sandwaves. They are presently more longitudinal bedforms which
are now moribund, eroded and smoothed by currents. They may have
been attached to the older sandbank unit as sandwaves at the end of the
tail unit. This pattern occurs on modern sandbanks (e.g. Franzetti et al.,
2015; Schmitt and Mitchell, 2014). Then they likely have been re-
worked later to form two separate bedforms. The orientation of bed-
forms 5 and 6, when compared to sandwaves 1–4, may indicate a
greater influence of waves, geostrophic currents or a turn in tidal cur-
rents. Located at the end of the sandbank tail, they also indicate a
change from transverse (ripples and sandwaves) to longitudinal bed-
forms (sandbanks).
5.4. Sandbanks
The location of sandbank A in the middle of Spitsbergenbanken is
special as it does not appear to be linked to a former coastline.
However, it occurs very close to shallow areas south and east of the
bank (e.g. obstacle in Fig. 19). According to Belderson et al. (1982),
banner banks are solitary small sandbanks formed in proximity to a
headland or a rocky shoal. Due to the proximity of sandbank A to rocky
shallow areas and the relatively small size of the sandbank, it may have
had a formation similar to a banner bank with eddies forming at the
front of the obstacle. Banner banks are attributed to tidal eddies on
either side of headlands (Kenyon and Cooper, 2005). They are usually
symmetric in areas of tidal currents and asymmetric in areas of
Fig. 14. Seismic line along sandbank A. The tail of sandbank A (SbA) can be traced to bedform 5. Buried sandwaves could occur below the upper unit. The sandbank
A does not extend far eastwards as no sand accumulation occurs on figure D and the bedrock is very close to surface. In contrast, limited sand accumulation
(Sandbank C - SbC) is observed in the south (figure E).
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unidirectional flow. Sandbank B, located on the other side of the rocky
area/obstacle east of sandbank A (Fig. 19), is possibly a smaller banner
bank. However, the presence of an anti-clockwise eddy in the west and
rocky shallower outcrops in the east of sandbank A together with strong
southwest tidal currents may have also contributed to the sand accu-
mulation in this specific location.
Sandbank A shows characteristics similar to some North Sea sand-
banks, e.g. wide tail and narrow head. According to Caston (1981), the
wide tail corresponds to the upstream area and the narrow head to the
downstream part. This implies that the current forming sandbank A is
mainly from the southwest, which is in accordance with the tidal model
of Gjevik et al. (1990, 1994) and the Svalbard-800m model (Figs. 18A
and 19). At present, tidal currents reach 1m/s on Spitsbergenbanken
(Gjevik et al., 1990). An almost circular tidal ellipse (rotary current
with no real dominant tidal velocities) with currents of> 70 cm/s oc-
curs in the sandbank area. Sandbanks form where currents are c.
70–150 cm/s (Belderson et al., 1982). Tidal current speeds in the study
area are in the lower range but still strong enough to form and maintain
a tidal sandbank. According to Belderson et al. (1982), sandwaves start
forming at c. 50–60 cm/s and large sandwaves around 70 cm/s, which
also fit with the tidal current speeds in the study area. Fig. 19 shows
two gyres, one clockwise and one anticlockwise, with a convergence at
the sandbank location. This convergence likely maintains the sand
supply towards the sandbanks.
Sand sheet SP3 (Fig. 15) crosses the tail of sandbank A, which shows
a very flat and wide top (Fig. 11), indicating that this part of the
sandbank is no longer active. At about 33–34m depth (blue dotted line
in Fig. 11), the tail unit is covered by the upper unit (Figs. 12–14). This
upper unit has a sharp crest and occurs several metres above the tail
unit. The characteristics of this upper unit indicate that the sand
transport remains active today on this part of the sandbank.
Sandbank A is shaped/reshaped by modern currents. The bedforms
Fig. 15. Multibeam backscatter dataset. Elongated features characterized by low backscatter are marked SP1, SP2 and SP3. Most of these features are not observed in
the bathymetry. See Fig. 1 for location. 1–4: large sandwaves; 5–6: other bedforms described in the text; A-C: sandbanks; Ac: sand deposit crossing the basal unit of
sandbank A.
Multibeam data from MAREANO (www.mareano.no).
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and sediment types indicate a high energy environment even though
the Svalbard-800m model shows relatively low (residual) currents. The
convergence of the tails (E-W Aa and SW-NE Ab) of sandbank A towards
the east suggests convergence of the wave (E-W current) and southwest
bottom currents in that direction, enhanced by southwest tidal currents.
The orientation of SP3, covering the tail of the bank, indicates that the
bottom currents have changed to a slightly more northward direction
since deposition of the first unit (tail) of the sandbank.
Sandbank B is much smaller than A, possibly because sandbank A
has trapped most of the sand, likely because it is closer to the sand
source. Indeed, the shallow areas south of the study area may be a
source of sand. This would explain why there is more sand in the
southern part of the study area than in the northwest, where sandy
gravel dominates. Sandbank C is located at the eastern limit of the study
area and its smooth crest likely indicates a relict or moribund small
sandbank.
5.5. Sand ribbons and patches
Limited sand deposits in the northwestern part of the study area
may indicate a lack of sand supply. These indicate a decrease of sand
transport from the south to the northeast where the transport of sand is
limited. This is likely connected to the origin of sand, which appears to
be supplied from south of the study area.
In the shallowest areas in the southeast, sand patches resemble sand
ribbons. Sand ribbons usually form in very high energy environments
with currents of 1m/s or more (Belderson et al., 1982). As bottom
currents apparently only reach c. 70 cm/s, they are probably inter-
mediate between sand patches and sand ribbons as sand patches occur
under lower current velocities. Further north, the long sand patches
stretching from the southwest towards the northeast are parallel to the
tidal current direction (Gjevik et al., 1990; Gjevik et al., 1994), as well
as ribbon-like deposits. Ripples and megaripples at the surface of the
sand patches indicate active sand transport.
Fig. 16. Video observations and sediment grain-size map of the study area. Grid size: 5m. See Fig. 1 for location (from Bellec et al., 2018).
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5.6. Timing of the large bedforms
Rüther et al. (2012) and Lantzsch et al. (2017) interpreted an in-
crease in bottom current strength, erosion and lag formation at Spits-
bergenbanken between 11.2 and 8.8 cal. ka BP. The strong currents led
to large sand accumulations on Spitsbergenbanken (Zecchin et al.,
2016), in Kveithola (Bjarnadóttir et al., 2013; Rüther et al., 2012) and
on the outer part of the Bear Island Trough (Jensen et al., 2002) from
8.8 cal. ka BP. A short-lasting atmospheric cooling event started at
8.8 cal. ka BP (Hald et al., 2007; Rebesco et al., 2016; Sarnthein et al.,
2003). This may have strengthened the Atlantic Water inflow
(Andersen et al., 2004; Ślubowska-Woldengen et al., 2008) and along
with a gradual shallowing caused by glacio-isostatic rebound (Elverhøi
and Henrich, 2002), caused erosion and sand transport. This sequence
of events could have led to the formation of the coarse sediment layer
(sandy gravel, Fig. 16) below the sandy sheets and started the erosion of
the SW-NE depression from the sandwaves to the north of the sand-
banks (Figs. 8A and 11).
Cores from Kveithola show that the interval 8.8–6.3 cal. ka BP is
characterized by the coarsest sediments and an increase of biogenous
carbonate content (Lantzsch et al., 2017). The sandbanks probably
started to form during this period of extensive erosion and sand
transport. These strong currents may also explain the larger extent of
the sandbank during this period, as it extended to the sandwave area.
The formation of the large sandwaves 1–4 as well as the transitional
bedforms 5 and 6 likely also started during this period. After
7.2 cal. ka BP, an overall cooling was accompanied by a reduced inflow
of Atlantic Water (Ślubowska-Woldengen et al., 2008). A decrease in
grain size in the region at around 6.3 cal. ka BP might be related to this
reduction in Atlantic Water inflow (Lantzsch et al., 2017). During this
period, sand transport likely decreased and the first sandbank unit (tail
unit) may have become moribund as well as the transitional bedforms 5
and 6 at the end of the sandbank A tail which were eroded and
smoothed by bottom currents. We have no absolute ages for when the
reactivation of the sandbank occurred. However, it is plausible that it
was reactivated during the Neoglacial cooling about 4–2 cal. ka BP,
when deteriorating climatic conditions characterized the region
(Ślubowska-Woldengen et al., 2008).
5.7. Comparison with other continental shelves
5.7.1. The large sandwaves
Large sandwaves have been described on the Norwegian shelf (e.g.
Hola trough, Bøe et al., 2009 with sandwaves up to 7m high and 300m
wavelength) but also on other shelves covered by ice during the last
glaciation (see Van Landeghem et al., 2009a on the Irish shelf and their
comparison with the North American shelves). The large sandwaves of
the Irish shelf reach up to 36m at 91.5 m depth, the largest sandwaves
Fig. 17. Video observations. A: Shell hash/shell sand with gravel close to bedrock outcrops; B: Bedrock outcrop; C: Sandwave observed in video data but not in
multibeam data; D: Ripples and NE-SW current megaripples (type 3) on top of sandbank A. Small ripples are not visible in the multibeam data; E: Megaripples (type
2) on top of sandwave 3. F: Shell hash with gravel in type 1 megaripple area. 10 cm between red laser dots. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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being symmetrical trochoidal-type (Van Landeghem et al., 2009b).
These authors indicate that the large sandwaves found on the Irish and
North America shelves are located in special settings: wide and shallow
shelf or semi-enclosed sea or basin where tidal changes are the most
noticeable during the sea level rise (North Sea: Austin, 1991; Bristol
Channel and Irish Sea: Scourse and Austin, 2002), bathymetric deeps
where glacio-isostatic rebound and sea-level changes are important on
the North American shelves (Barrie et al., 2009). Strong bi-directional
tides with (nearly) symmetrical ellipses and glacial depositional basins
supplying sediments are also important factors for the formation of the
large trochoidal sandwaves (Van Landeghem et al., 2009a). These au-
thors also point out that these sandwaves were probably created under
different palaeo-conditions, i.e. older stronger tidal conditions, asso-
ciated with marine transgression after the last glacial maximum and
then were reworked later. Smaller asymmetrical sandwaves may occur
on both sides of the large sandwaves as well as on their flanks with a
migration direction conforms to the new hydrological conditions.
The large sandwaves on Spitsbergenbanken show northward mi-
gration, while parts of their crests, smaller sandwaves and megaripples
occasionally show opposite migration direction, possibly indicating
changes in residual current directions. Strong palaeo-currents have
been described for the western Barents Sea (Lantzsch et al., 2017;
Rüther et al., 2012), and Spitsbergenbanken can be compared to a wide
and shallow shelf with an almost symmetrical tidal ellipse (Gjevik et al.,
1990, 1994). Then it is possible that the formation and the evolution of
the large sandwaves on Spitsbergenbanken show similarities with the
ones on the Irish shelf. If we refer to the evolution of the large sand-
waves in the Irish Sea, the large sandwaves on Spitsbergenbanken could
evolve into symmetrical (trochoidal) sandwaves while smaller sand-
waves still highlight modern current direction.
5.7.2. Sandbanks
Sandbank A shows similarities with North Sea sandbanks. In their
description of the Middelkerke Bank (Belgian continental shelf),
Trentesaux et al. (1999) indicated that the upper unit which forms the
main body of the modern bank presents two zones: one zone shows a
stronger asymmetry with 1–5° dipping reflectors, and could correspond
to the upper unit of sandbank A, while the second zone has a more flat
shape with sub-horizontal reflectors onlapping the base of the unit and
looks more like the lower unit of the sandbank A. However, Trentesaux
et al. (1999) modern bank unit only shows minor bounding surfaces
while the surface between sandbank A units is likely erosional. The
difference could be due to the different types of seismic used (they
mainly used Sparker lines in their paper), but also to a different for-
mation process like a gap/stop/erosive period during the formation of
sandbank A which did not occur during the Middelkerke bank forma-
tion. This means that the older unit of sandbank A could have had a
different formation origin.
The upper unit of sandbank A resembles North Sea tidal sandbanks
with a prograding facies covered by sandwaves (Balson, 1999; Houbolt,
1968; Mathys, 2009; Trentesaux et al., 1999). This indicates that the
actual mechanisms of formation and/or maintenance of the modern
Fig. 18. Oceanography data, Spitsbergenbanken. A) Maximum speed of bottom current (m/s) from the 800m Svalbard-800m model. The bottom panel is a detailed
view of the study area (red square in the overview panel). Black arrows show maximum current speed and direction (from the Svalbard-800m model). Green stars
mark clockwise gyres; yellow stars mark anticlockwise gyres. White lines highlight sandbanks and sandwaves. B) Tide-induced residual current from Gjevik et al.
(1994), and tidal ellipses from Gjevik et al. (1990) on top of Spitsbergenbanken. B: Bjørnøya. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
Multibeam bathymetry from MAREANO (www.mareano.no) and overview bathymetry from IBCAO (Jakobsson et al., 2012).
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sandbanks are quite similar in both regions. The correlation of the
lower unit with the North Sea sandbank units is more difficult to es-
tablish. In the Belgian continental shelf, storm ridges or coastal sand-
banks preceded the formation of the tidal sandbanks themselves
(Mathys, 2009; Trentesaux et al., 1999). This progression from storm
ridges/coastal sandbanks to tide-dominated sandbanks is linked to the
coastal retreat and the transgression after the last glaciation.
However, due to the isostatic rebound, the global sea level rise did
not have the same effect on Spitsbergenbanken as in the North Sea.
Studies from Bjørnøya show that the isostatic rebound did not exceed
the sea level rise (Salvigsen and Slettemark, 1995), while studies from
the southern tip of Spistbergen (Svalbard largest island) show that post-
glacial emergence could have reached 19m there (Ziaja and Salvigsen,
1995). This is supported by recent modelling from the area (Patton
et al., 2017). This explains the absence of transgressive deposits below
the upper unit of sandbank A similar to the ones found underneath the
North Sea tidal banks (Balson, 1999; Mathys, 2009; Trentesaux et al.,
1999).
6. Conclusions
This study is based on multibeam data from the shallowest part
(26–53m depth) of Spitsbergenbanken in the western Barents Sea. The
exceptionally high quality and resolution of the data have allowed the
identification and interpretation of megaripples (minimum height 4 cm
and minimum wavelength 1m) in unprecedented detail. Several types
of megaripples are identified within the study area. Their geometry
indicates that they are formed and influenced by several complex, often
interacting processes including waves, tidal currents and ocean cur-
rents. The interaction of processes is reflected in bedform size, crest
style, grain size, spatial distribution and migration pattern.
In addition to wave and current megaripples, we observed inter-
ference megaripples, which to our knowledge have not previously been
described from a bank setting. These megaripples form by the con-
vergence of different currents, here wave and bottom currents, and
indicate an on-going sand accumulation process. Although the sand
supply and/or the bottom currents appears to be insufficient and in-
capable, respectively, to create such large sandbanks as the ones de-
scribed in the east of the study area, the presence of interference
megaripples may indicate the onset of future sandbanks.
Four large sandwaves occur in a SW-NE trending depression be-
tween two shallow areas, which likely focus and increase the strength of
the bottom currents. The initial erosion of the depression probably
occurred around 8–9 cal. ka BP, but the sandwaves are presently
maintained by tidal residual currents from the southwest. The presence
of the shallow areas south of the sandwaves seems to be a prerequisite
for the sandwave formation as large sandwaves do not occur elsewhere
in the study area. The sandwaves are still active and highlight the ac-
tion of complex current patterns which have changed since the onset of
the sandwave formation. They may evolve in the future in more
Fig. 19. Comparison of tide-induced re-
sidual currents from Gjevik et al. (1994)
(black arrows) and bottom currents from
the Svalbard-800m model (red arrows).
Note clockwise currents around the two
shallow areas. Points where currents are
turning are marked by stars (black: clock-
wise gyres, yellow: anticlockwise gyres).
Medium and large-scale bedforms are
marked with grey lines. The object “ob-
stacle” is likely to be a rocky outcrop. Blue
dotted lines: 36m depth contour. Grid sizes:
5 (in study area) and 250m. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
web version of this article.)
Multibeam bathymetry from MAREANO
(www.mareano.no), background bathy-
metry data from IBCAO (Jakobsson et al.,
2012).
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symmetrical trochoidal shape.
Three sandbanks are formed by the convergence of tidal and bottom
currents. The orientation of the sandbanks is in accordance with mod-
elled bottom currents. The largest sandbank may have started to form
around 8–9 cal. ka BP when bottom currents were stronger than today.
The basal unit of the largest sandbank likely became moribund as a
result of lower current strength at about 6.3 cal. ka BP. The sandbank
was reactivated later, and it is plausible that this coincided with the
Neoglacial cooling during the late Holocene (4–2 cal. ka BP).
The ripples, megaripples, sandwaves and sandbanks indicate a very
high energy environment with enough sand to form and maintain these
bedforms. Spitsbergenbanken is a unique environment characterized by
bedforms linked to multiple seabed processes operating at different
spatial and temporal scales.
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